INTRODUCTION
Among the enzymes participating in the biosynthesis of tetracyclines, three have been described so far: S-adenosylmethionine: dedimethylamino-4-aminoanhydrotetracycline N-methyltransferase (Miller & Hash, 1975a) , anhydrotetracycline (ATC) oxygenase (Behal et al., 1979) and NADP:tetracycline 5a(lla)-dehydrogenase (Miller & Hash, 1975b; Erban et al., 1985) . None of them has as yet been isolated in pure state.
ATC oxygenase (EC 1.13.12.-) catalyses the penultimate reaction of the tetracycline biosynthetic pathway i.e. the conversion of ATC into dehydrotetracycline (Scheme 1). It is a mono-oxygenase which requires for its catalytical function NADPH and atmospheric oxygen (Behal et al., 1979) . It can hydroxylate anhydrochlortetracycline equally well as it does anhydrotetracycline. The enzyme has been partially purified and characterized by Behal et al. (1983) and Vancurovai et al. (1987) . Its Mr is 115 000 and its pl is 5.3 (Vancurovai et al., 1987) . The present paper describes the purification and subunit structure of ATC oxygenase. ATC oxygenase is thus the first enzyme of tetracycline biosynthesis to be isolated in a homogeneous form.
Anhydrotetracycline Dehydrotetracycline Scheme 1. Conversion of anhydrotetracycline into dehydrotetracycline EXPERIMENTAL Materials Anhydrotetracycline was prepared by a procedure described by Schlecht & Frank (1975 I To whom all correspondence should be addressed.
Vol. 253 (LKB, Stockholm, Sweden), at -25°C and a pressure of 300 MPa. Broken mycelium was suspended in 0.1 MTris/HCl buffer, pH 7.4, and after extraction for 40 min the suspension was centrifuged for 30 min at 22000 g.
Purification of ATC oxygenase
Hydrophobic-interaction chromatography was performed on a phenyl-Sepharose CL-4B column (2.6 cm x 8.0 cm) at 20 'C. The cell-free extract (150 ml) was supplemented with KCI (final concn. 0.8 M), pH was adjusted to 7.4 with 0.5 M-acetic acid, and the whole volume was loaded on a phenyl-Sepharose bed previously equilibrated with buffer A (0.1 M-Tris/HCI, pH 7.4). After the column was washed with buffer A, the absorbed material was eluted with a linear gradient (440 ml) of 0-100 % buffer B (0.02 M-Tris/HCl, 0.5% Lubrol, pH 7.4) at a flow rate of 3 ml/min, and 8 ml fractions were collected. The eluate was monitored for absorbance at 280 nm. ATC oxygenase activity was located by assaying 0.05 ml amounts of each fraction.
Ion-exchange (Mono Q HR 5/5) chromatography ATC oxygenase-containing fractions from hydrophobic-interaction chromatography were pooled (56 ml) and transferred into buffer C (0.02 M-Bistris/HCl, pH 6.5) in an Amicon model 52 UF cell, with PM-10 membrane (Amicon Co., Danvers, MA, U.S.A.).
Samples (8 ml; 12 mg of protein each) were applied via a 10 ml Superloop on to a Mono Q column equilibrated with buffer C. After the column was washed with the same buffer, the elution was continued with a linear gradient of 0-40 % buffer D (1 M-NaCl in buffer C), and the eluate was monitored at 280 nm. Fractions (0.5 ml) were collected at a flow rate of 1 ml/min. The chromatography was done at 20 'C.
Biochemical assays
The ATC oxygenase activity, measured as a decrease in ATC absorbance at 440 nm, was determined as described by Behal et al. (1979) . The reaction mixture (0.1 M-Tris/HCl buffer, pH 7.4,0.04 mM-NADP+, 0.15 mM-glucose 6-phosphate, 2 u1 of glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides/ml, ATC oxygenase sample) was saturated with 02 and preincubated at 28 'C. After temperature equilibration, 20 gM-ATC was added and the rate of decrease of absorbance at 440 nm was measured.
Proteins were determined by an absorbance method (Whitaker & Granum, 1980) and by the method of Lowry et al. (1951) 
Isoelectric focusing
Analytical isoelectric focusing was performed as described by Kinzkofer & Radola (1981) on a Pharmacia FBE 3000 flat-bed apparatus, with polyacrylamide gels 50,m thick. The V-h product was 1800 V-h, and maximum voltage was 2000 V. The Ampholine range was pH 3.5-10, and the Pharmacia broad-pl kit was used to calibrate the gel.
Size-exclusion h.p.l.c.
Gel filtration of the purified ATC oxygenase was performed with 0.02 M-Tris/HCl buffer, pH 7.4, on a TSK G 3000 SW column (7.5 mm x 300 mm) (LKB, Stockholm, Sweden), at a flow rate of 0.5 ml/min. The eluate was monitored for absorbance at 226 nm.
RESULTS AND DISCUSSION
Isolation of ATC oxygenase from a cell-free extract of S. aureofaciens was performed with a 24 h-old mycelium grown in the presence of benzyl thiocyanate, which causes a more than 2-fold increase in the activity of ATC oxygenase in a high-production strain (Behal et al., 1982) . The specific activity of ATC oxygenase in the cellfree extract was 120 pkat/mg of protein. The results of purification of ATC oxygenase are summarized in Table 1 .
The first purification step involved the use of hydrophobic chromatography on phenyl-Sepharose as described previously (Vancurovai et al., 1987) . This method permits the application of a large amount of protein (-1 g) and provides a relatively high yield of ATC oxygenase activity (72%) and a high degree of purification (8.2-fold). Subsequent ultrafiltration, combined with buffer change, was accompanied by a minor decrease in the specific activity of ATC oxygenase (about 15 %). The next purification step was ion-exchange h.p.l.c. on a Mono Q HR 5/5 column (Fig. la) . ATC oxygenase was eluted with 0.2 M-NaCl. This step resulted in a further 8.9-fold purification, with a 74 % yield.
The overall purification of ATC oxygenase in the two steps was thus 61-fold, with a 43 % yield. As the purification of ATC oxygenase on phenyl-Sepharose entails a separation of a low-Mr factor (Vancurovai et al., 1987) , the activity of the enzyme was always measured after activation with a heat-denaturated cell-free extract, which exhibited no ATC oxygenase activity but increased the activity of purified ATC oxygenase up to 7-fold. However, it might be that the activation of ATC oxygenase by deproteinized cell-free extract does not include a full regeneration of the enzyme activity, and hence the actual purification could be higher. The progress of purification was monitored by SDS/polyacrylamide-gel electrophoresis (Fig. 2) .19g8 chromatography of ATC oxygenase on a Mono Q HR 5/5 column under conditions identical with those used in its isolation. This step no longer increased the degree of purification (from 61.1-fold to 63.8-fold). Likewise, sizeexclusion h.p.l.c. of homogeneous ATC oxygenase on a TSK G 3000 SW column yielded a single peak (Fig. 3) . Analytical isoelectric focusing (Fig. 4) again showed the presence of a single protein band, although the ATC oxygenase was applied in large amount (10 ,ug of protein).
Successful isolation of pure ATC oxygenase (as documented by four different methods) and its known localization on electrophoretograms will facilitate future study of the enzyme in vivo.
